We deployed three replicate larval light traps off the upper Florida Keys from June-September 2001 to measure the delivery of settlement-stage fish larvae to the coral reefs. Nightly measures of larval abundance were compared to water temperatures measured across the outer reef, nearby wind records, and the alongshore and cross-shelf components of the currents measured at the seaward edge of the reef. These time series, together with satellitederived sea surface temperature and color fields indicate that a very large multi-taxa larval pulse on 20 July was directly associated with the passage of a Florida Current (FC) sub-mesoscale frontal eddy embedded within the elongated remnant of a mesoscale eddy. A second large pulse of larvae occurred when a similar mesoscale eddy passed the upper Keys in mid-June. Periods of increased tidal bore activity occurred with the passage of these eddies. Semidiurnal internal tides caused near-bottom onshore intrusions of cooler slope waters during periods of onshore meanders of the FC front when the downstream baroclinic flow and stratification increased at the reef margin. The high abundance and similarity in larval ages within taxa on 20 July indicate a Keys shelf origin, although the temporal and spatial scales of entrainment cannot be resolved. The passage of a third mesoscale eddy in September did not result in a larval pulse, possibly because of a mismatch between biological and physical criteria, several of which must be met for larval transport by mesoscale eddies to be successful.
Identification of the biological and physical mechanisms involved with the transport of the pelagic larvae of benthic 1 Corresponding author (ssponaugle@rsmas.miami.edu).
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Although the physical mechanisms associated with larval transport are important at all stages of pelagic larval life (see for review), much attention has focused on the settlement dynamics of the later stages. Temporal patterns of reef fish settlement are typically cyclic, peaking with particular lunar or tidal amplitude phases, but there is invariably an element of stochasticity superimposed on both the magnitude and timing of these events (Robertson 1992; Meekan et al. 1993; Sponaugle and Cowen 1996a) . It can be difficult to identify physical mechanisms associated with episodic pulses in the delivery of late-stage larvae to reefs because concurrent measurements of the physics and biology are needed for continuous time periods and larvae must be available (i.e., spawned into the water mass) for successful delivery by a physical process.
Physical processes that have been associated with the transport of late-stage larvae include wind and storm events (Shenker et al. 1993; Milicich 1994; Thorrold et al. 1994) ; tides (see for review) and internal tidal bores (Pineda 1991; Leichter et al. 1998; Findlay and Allen 2002) , waves, and slicks (Shanks 1983; Kingsford and Choat 1986) ; and onshore flow at depth (Cowen and Castro 1994; Sponaugle and Cowen 1996a; Paris-Limouzy 2001) . Recirculating features such as current eddies have been hypothesized to function both as larval retention mechanisms (e.g., Sale 1970; Hamner and Hauri 1981; Lee et al. 1994 ) and as onshore transport mechanisms (Limouzy-Paris et al. 1997; Yeung et al. 2001) .
The Atlantic coastal waters of the Florida Keys contain a shallow reef system bordered by a major western boundary current, the Florida Current (FC). Previous studies have shown that the outer shelf region of the upper Florida Keys is strongly influenced by the FC and the transient passage of FC meanders and eddies (Lee et al. 1992 (Lee et al. , 1994 . Satellite imagery has shown that frontal eddies (recirculating vortices that travel along current fronts) occur all along the boundary of the Loop Current (LC) and the FC on scales of kilometers to a few hundred kilometers in diameter Fratantoni et al. 1998 ). The larger mesoscale eddies form where topographic constraints are weak (i.e., in this system, the Gulf of Mexico, and the southern Straits of Florida). Cold-core, cyclonic eddies with diameters of 100-200 km travel along the LC front in the Gulf of Mexico and enter the Straits of Florida near the Dry Tortugas. They move downstream along the Keys outer shelf over a period of 1-3 months with increasing forward speed and decreasing size (Lee et al. 1994; Fratantoni et al. 1998) . As the width of the Straits of Florida narrows in the middle Keys, where the channel makes its turn toward the north, the topographic constraint increases (i.e., FC flow converges upon steep topography of the middle and upper Keys). Satellite imagery consistently shows that mesoscale eddies in this region begin to elongate, shear apart, and decay into smaller sub-mesoscale eddies. Recirculation within mesoscale eddies and their several months' duration in the Keys coastal zone has been proposed as a retention mechanism that may contribute to local recruitment of larvae spawned in the Dry Tortugas or along the outer reef tract (Lee et al. 1992 (Lee et al. , 1994 Lee and Williams 1999) . Sub-mesoscale eddies with diameters of 10-40 km can occur anywhere along the frontal boundary as mesoscale eddies decay or as the FC meanders along the shelf edge (Lee 1975) . Sub-mesoscale eddies are typically observed moving along the FC front for short periods of 1-3 weeks and are rapidly advected downstream by the background flow (Lee and Mayer 1977; Shay et al. 1998) . These frontal eddies can contribute to cross-shelf larval transport (Limouzy-Paris et al. 1997) .
Internal tidal bores occur frequently along the Florida Keys outer reef tract during late spring and summer (when the water column is stratified with the onset of the seasonal thermocline) and may provide an additional means of onshore transport of larvae that reside in the near-bottom slope waters offshore of the reef crest (Leichter et al. 1998 (Leichter et al. , 2003 . Internal tidal bores in the Straits of Florida are recognized as near-bottom intrusions of cooler slope waters generated by semidiurnal internal tidal waves moving along the thermocline. Tidal bores of up to 10 m in height, traveling 10-20 cm s Ϫ1 up the reef slope from 50-80-m depths often contain higher concentrations of nutrients as well as phytoplankton (Leichter et al. 1996 (Leichter et al. , 1998 (Leichter et al. , 2003 . These cold intrusions have been shown to penetrate upslope to the 20-m isobath at Conch Reef (10 km upstream of our study site), causing near-bottom temperature variations of 3ЊC to 8ЊC at semidiurnal tidal periods (Leichter et al. 2003) . Occasionally tidal bores are observed to extend to the 10-m isobath, but with smaller temperature changes. Larval fishes from several families have been observed within tidal bores, although most were not benthic reef fishes, nor were they settlement stage (Leichter et al. 1998) . The amplitude and duration of tidal bore activity increases with depth offshore of the reef, varies somewhat inconsistently with spring and neap tides, and may be influenced by the passage of large frontal eddies (Leichter et al. 2003) . Internal tidal bores are an important source of nutrient flux onto the reef (Leichter et al. 2003 ), but the degree to which this mechanism contributes to the settlement of reef fishes is unknown.
The upper Florida Keys region supports a diverse and abundant reef fish fauna, but the means by which populations are replenished are unknown. Pelagic distributions of larval invertebrates (Criales and Lee 1995; Stoner et al. 1997 ) and the influx through Keys tidal channels of postlarval invertebrates (Yeung et al. 2001; Yeung and Lee 2002; Criales et al. 2003) have been correlated with the passage of recirculating eddy features along the outer shelf of the Keys, but to date, there have been no direct correlations between actual settlement, particularly of reef fishes, and the passage of such features.
This study was designed to directly examine the physical mechanisms associated with large pulses of late-stage fish larvae to the reef. Larval light traps were deployed to provide a measure of the supply of settlement-stage larvae to the reefs, and current meters and temperature loggers were used to identify physical forcing events. Satellite-derived observations were employed to identify eddy events and to track their temporal and spatial evolution.
Materials and methods
Biological sampling-Three replicate larval light traps were deployed for 41 nights from 12 June-26 September 2001 in the upper Florida Keys (Fig. 1) . Attempt was made to deploy traps every other night beginning on 5 July; however, rough weather and boat engine problems resulted in three major gaps in the record. Larval light traps intercept late-stage larvae on their approach to settle on reefs located at the shelf edge (see Sponaugle and Cowen 1996a for trap design). Patterns of larval appearance in light traps often match settlement patterns back-calculated from recruited juveniles (Sponaugle and Cowen 1996b) . Although the taxonomic composition of larvae collected in light traps is obviously limited to species that are positively phototaxic, traps are useful for comparing the relative abundance of larvae among successive nights. Traps sample a radius of ϳ50 m and are assumed to sample equally during different flow con- ditions (e.g., traps may sample more water during high flows, but the ability of larvae to swim to the trap may be diminished). Traps were deployed 1 m below the surface at sites with depths ranging from 6-10 m by attaching each buoyant trap to a moored buoy and weighting the trap bottom (Fig. 2 ). Traps were deployed at dusk and retrieved the following dawn. On five occasions, traps were retrieved after 5-6 h of fishing as a result of attempts to calibrate light trap collections with plankton net tows (12, 13, 20, and 22 June) or because of boat engine problems (12 July). Because settlement likely occurs primarily during the first half of each night (Sponaugle unpubl . data), we did not standardize these samples to reflect the shortened fishing period. We include them in the time series for reference, although overall fishing effort was not entirely comparable to other nights.
On most nights, three replicate traps were deployed parallel to shore approximately 150-200 m apart at French Reef (25Њ02.06ЈN, 80Њ21.00ЈW; Fig. 1 and two third-quarter moons, 10-11 August and 9-10 September), three replicate traps were deployed at two nearby sites each night: Molasses Reef (25Њ00.74ЈN, 80Њ22.40ЈW) and Pickles Reef (24Њ59.23ЈN, 80Њ24.88ЈW), or French Reef and North French Reef (25Њ01.23ЈN, 80Њ26.52ЈW). This sampling design was part of another study examining differences in larval supply to protected and unprotected areas (GrorudColvert and Sponaugle unpubl. data). As a result of general long-term concordance and specific concordance during the study period of samples among sites along the upper Keys reef tract (D'Alessandro and Sponaugle unpubl. data), collections from neighboring sites were averaged for each night and plotted together with samples from French Reef.
Upon trap retrieval each morning, samples were preserved in 95% ethanol and returned to the lab for processing. Samples were sorted for fish larvae under a dissecting microscope. Larvae were identified to the lowest feasible taxonomic level using the NOAA-NMFS Southeast Fisheries Science Center Larval Fish Identification Guide (Richards unpubl. data), but for the purposes of this study, patterns of larval supply were analyzed by family. All small, silvery, mid-water reef fishes were grouped into an Atherinidae/Clu- peidae/Engraulidae (ACE) complex. Further, all Blenniidae, Clinidae, Labrisomidae, and Tripterygiidae were grouped together under the suborder Blennioidei. The majority of larvae were late-stage and near settlement, with several taxa in the process of undergoing metamorphosis.
The age of a selected number of larval fish taxa was obtained by examination of fish otolith increments. Most reef fishes have otoliths (ear stones) that are deposited on a daily basis, providing a daily record of age and transitional events, such as settlement. Ten randomly selected individuals per species or larval type from each of the 10 most abundant families collected on a single night of the largest larval pulse (20 July) were aged using standard procedures (Brothers 1987) . The otoliths of two of these species that also settled during an earlier large pulse on 13 June were examined for comparison. The number of daily increments provided a measure of how long each individual had been in the water column prior to collection.
Physical sampling-To identify and describe oceanographic processes influencing settlement, a moored array of current and temperature loggers was maintained across the shelf at the study site for the duration of the study period: 19 June-30 September 2001. In this study, we used data from bottom temperature loggers (made by TSKA) positioned across the outer reef crest at depths of 9.8, 7.0, 4.0, and 5.6 m, and from mooring C, which was positioned just seaward of the reef crest at the 24-m isobath, where FC influences are expected to be significant ( Fig. 1 ; Table 1 ). Mooring C was equipped with Sontek Argonaut-MD single point measuring acoustic current meters and temperature loggers at depths of 4 and 21 m; the data were recorded every 10 min in UTC. Mean hourly wind data were obtained from the NOAA-NDBC SEAKEYS/C-MAN Station MLRF1 at nearby Molasses Reef. To help identify and track the movement of frontal eddies and meanders into and through the Straits of Florida, satellite AVHRR sea surface temperature (SST) images from the study period were downloaded from the Ocean Remote Sensing Group website at Johns Hopkins University Applied Physics Lab (http:// fermi.jhuapl.edu/avhrr/). Chlorophyll a (Chl a) data were obtained from the Distributed Active Archive Center of the Goddard Earth Sciences Data and Information Services Center (http://daac.gsfc.nasa.gov/).
Data analysis-Calculations of the mean nightly larval abundance per trap and larval family diversity each night were made to identify general temporal patterns of larval supply. In order to examine the degree to which different families of larvae exhibited similar temporal patterns of larval supply, the mean nightly abundance of individual families over all sampling days was clustered with other families. To avoid weighting apparent gaps in the data due to lack of sampling, sampling days were collapsed from actual dates to a series of sampled days (i.e., from day 1-41). Families were clustered using standard cluster analysis techniques and average Euclidean distances (SYSTAT 8.0). The ACE complex was removed prior to analysis because these are nonbenthic schooling fishes that are not returning to the reef to settle. To be included in the analysis, the mean nightly abundance of other families had to exceed one fish/trap on at least one night. One exception was made: Serranidae was retained in the analysis because of its significant ecological and commercial importance and relative paucity of settlement and recruitment data. As a result, 23 fish families were included in the analysis. Fish families were grouped according to a Euclidean distance of 0.06.
Current and wind data were converted into an along-shelf (v-component) and cross-shelf (u-component) coordinate system, rotated 40Њ clockwise from true north, with v positive downstream (northeastward) toward 40Њ and u positive offshore toward 130Њ. The raw, unfiltered (10-min) current and temperature records were used to examine high-frequency physical processes. High-frequency decreases in bottom water temperatures at semidiurnal tidal periods indicate the onshore movement of internal tidal bores. In order to examine low-frequency physical processes, the raw data were filtered with a 3-h low-pass filter to apply some initial smoothing to the data, and then a 40-h low-pass filter was applied to remove tidal and higher frequency fluctuations, resulting in subtidal time series. These filtered data were used to identify low-frequency events such as the passage of frontal eddies. Mesoscale eddies pass along the Florida Keys reef tract every few months on their downstream march through the Straits of Florida. Their cyclonic circulation entrains warm-water streamers from the FC and causes reversals in the typical downstream alongshore currents. Thus, the passage of eddies through the coastal waters is indicated by a sharp increase in near-bottom water temperature occurring simultaneously with a current reversal at subtidal periods. Time-series analysis techniques were applied only to the physical data as a result of gaps in the light trap sampling time series. In order to more explicitly examine the relationship between physical forcing and larval fish abundance, the subtidal filtered current data were separated into wind-and FC-influenced time series with a linear multiple-regression technique ''REGRESS,'' a MATLAB routine that incorporates least-squares methods to minimize the residual variance with 95% confidence intervals. Alongshore currents were regressed against both alongshore and cross-shore wind components to construct a time series of alongshore flow due to wind forcing only (modeled v). This modeled wind-forced current was then subtracted from the observed flow to yield a time series of alongshore current attributable solely to FC influences (i.e., meanders and frontal eddies), defined as residual v. The residual current was then compared to nightly larval abundances.
The SST imagery was examined to track the progress of the frontal eddies along the FC front. 
Results
In total, 7,892 larvae from at least 42 families were collected over the 41 nights of light trap deployment. Catches were dominated by the ACE complex (comprising 41% of the overall catch). Once the ACE complex was excluded, the top three most abundant reef fish families collected in the light traps were the damselfishes (Pomacentridae), parrotfishes (Scaridae), and gobies (Gobiidae; Table 2 ). Not all collected fish were settling to the reef. Groups such as the Sphyraenidae (barracudas) and Carangidae (jacks) comprise mid-water fish that remain associated with reefs as adults, but others, such as the Scombridae, remain wholly pelagic as juveniles and adults. Families such as the Haemulidae (grunts) and Gerreidae (mojarras) may be moving over the reefs to settle in the seagrass beds or mangroves landward of the reefs.
The mean nightly larval supply varied in magnitude from zero to nearly 400 fish larvae per trap (Fig. 3) . Settlement did not appear to be lunar cyclic; however, this perception is likely biased by the gaps in the record. Most notable was a pulse on 20 July that was at least twice as large as the next highest pulse (13 June) and five times greater than the mean nightly collection. This peak was a multi-taxa pulse composed of at least 29 families, including (in decreasing order of abundance) Scaridae, Apogonidae, Monacanthidae, Spyraenidae, Pomacentridae, Scorpaenidae, Pomacanthidae, Gobiidae, Labridae, and Gerreidae. A second multi-taxa pulse occurred on 13 June and consisted primarily of Gobiidae, Blenniodei, Scaridae, Pomacentridae, Haemulidae, and Labridae.
Family-specific patterns clustered into seven groups (Figs. 4, 5) . Group A, consisting of only Holocentridae, exhibited a single peak on day 27 (19 August). Group B, Haemulidae, Gobiidae, Microdesmidae, and Blennioidei, exhibited a large pulse on day 2 (13 June). Group C, Scombridae, Labridae, and Synodontidae, exhibited a large pulse on day 7 (9 July) as well as on day 13 (20 July). Group D, Muraenidae, Scorpaenidae, Sphyraenidae, Gerreidae, and Bothidae, had its largest peak on day 13 (20 July) but pulsed on many other days as well. Group E consisted of only Pomacentridae, which appeared in pulses on several days (2, 8, 9, 14, and 25) . Group F, Lutjanidae and Serranidae, exhibited pulses on days 13 and 20. Group G, with the largest constituency, Scaridae, Pomacanthidae, Apogonidae, Monacanthidae, Syngnathidae, Carapidae, and Tetraodontidae, exhibited a single large peak on day 13 (20 July; Fig. 5 ).
The mean larval ages of 10 species/types from the most abundant families on 20 July ranged from 15-46 d (Table  3) . These are comparable to estimates of the pelagic larval duration for several of the species or closely related species (Victor 1986; Rogers et al. 2001 ). There was generally little variation in age within taxa, except for the labrid Xyricthys sp., which, like several other wrasses, has a highly variable length of larval life. As a comparison, 10 individuals of two species from the second largest larval pulse (13 June) were aged. During the 13 June pulse, both Stegastes partitus and Sparisoma type A were an average of 2-4 d older than settlers on 20 July (S. Table 3 for ages of fish from 20 July).
The subtidal time series of alongshore and cross-shore currents and temperatures from depths of 4 and 21 m at mooring C and winds measured at nearby Molasses Reef reflect the dominance of the northward-flowing baroclinic FC (positive v; Fig. 6 ). The strong downstream sheared flow at the outer shelf was interrupted on occasion by periods of current reversals. We first examined whether these reversals were wind driven, and we found that wind-induced currents Fig. 5 . Family-specific patterns of larval supply. Results of cluster analysis were used to group families exhibiting similar patterns of nightly abundance. The raw time series was concatenated in order to compare abundance on only those 41 nights that were sampled. were weak during this period (as is typical of summer periods). Results of the multiple regression demonstrated that the residual current accounted for approximately 92% of the total variance of the subtidal alongshore current, indicating that wind-driven currents were weak in comparison to changes produced by FC variations. Wind directions were primarily onshore, which is not conducive to coastal upwelling, and only two significant wind events occurred, on 23 July and 14-16 September, when positive alongshore winds reached 10 m s Ϫ1 . These northeastward wind events were in a direction counter to that which would have caused the observed current reversals (Fig. 6) . These results directed our data analysis toward the other primary mechanism that can cause such reversals in the study area, namely Florida Current eddies (e.g., Lee 1975; Lee and Mayer 1977; Lee and Williams 1999) .
The increase in bottom-water temperatures that occurred simultaneously with a cyclonic current reversal around 20 July (Fig. 6) is indicative of the passage of a frontal eddy. Alongshore current reversals occur when the swirl velocity within the eddy exceeds the downstream eddy advection speed. Entrainment of a warm streamer from the FC around the shoreward side of the eddy results in warming of the shallow waters. To evaluate the effects of FC variations and internal tidal bores on reef fish recruitment, the larval abundance time series was plotted together with alongshore residual currents (wind effects removed, see previous section) from 4 m at mooring C and raw time series of near-bottom temperature (Fig. 7) . The passage of three mesoscale eddies (ME 1-3) identified from persistent decreases or reversals of downstream currents is designated on Fig. 7 ; sub-mesoscale eddies (SME 2 and 3) are also identified on the enlarged inset. Reversals of residual currents indicate that sub-mesoscale frontal eddies moved through the study area during the periods 22-25 June (SME 1); 18-21 July (SME 2) and 25-28 July (SME 3); 31 July-3 August (SME 4); and every few days during the second half of September (Fig. 7) . These frontal eddies were identified as sub-mesoscale eddies based on their size (20-40-km diameters), the time duration of their passage (3-4 d), and the typical downstream advection rates (8-9 km d Ϫ1 ). Comparison of larval abundance with the residual currents shows that increased larval abundances occurred with each of the three sub-mesoscale eddies that caused strong current reversals (SME 1-3); larval sampling was not conducted during SME 4. In contrast, the sub-mesoscale eddies of ME 3 in September did not result in large larval pulses. The highest larval abundance (night of 20 July) occurred near the end of sub-mesoscale eddy 2 (SME 2) of 18-21 July (Fig. 7, enlargement) . The subtidal current and temperature records for this event show that onshore flow of warmer FC water occurred as the leading edge of the eddy approached and alongshore currents began to shift from strong downstream to upstream flow (Figs. 6, 7) . The trailing portion of the eddy occurred with offshore or weaker onshore flow of a cooler mix of shelf and FC waters. The cold-core of this cyclonic, sub-mesoscale eddy was likely located farther offshore, and the cold upwelled water within the eddy's center did not extend to the shallow depths (Ͻ25 m) of the reef tract. The 20 July larval settlement pulse occurred toward the end of the eddy event as the residual flow shifted from southwestward back to northeastward (Fig. 7) .
The original 10-min temperature records from the nearbottom (21 m) current meter at mooring C (Fig. 7) show that high-frequency bottom-temperature variability increased seaward of the reef edge during three periods-mid-June, midJuly, and mid-September-that correspond to the time periods during which mesoscale eddies were passing the study area. High-frequency temperature fluctuations are evident toward the start and end of ME 2, but not at the time of the large peak in larval supply. The relationship between this activity and the passage of mesoscale eddies (e.g., ME 2) can be examined in an enlargement of the high-frequency temperature data from mooring C and the bottom-temperature loggers positioned across the outer reef crest (Figs. 8,  9 ). Figures 8 and 9 also contain the high-frequency crossshore and alongshore currents from 4 and 21 m at mooring C, as well as the larval supply data. The thin vertical event lines identify the sudden onset of cooler bottom-water intrusions, which are highly correlated with pulses of onshore flow at the near-bottom instrument, indicative of upslope internal tidal bore behavior. Similar high-frequency temperature changes did not occur in the upper layer. High-frequency current variability in the upper layer had a significant Fig. 7 . Mean (non-ACE) larval abundance (ϫ5) in replicate light traps plotted with residual alongshore currents (v 4 ) from the 4-m current meter at mooring C (i.e., currents that were not forced by wind) and high-frequency temperature data (T 21 ) from the 21-m temperature logger at mooring C. Residual current reversals (Ͻ0 cm s Ϫ1 ) indicate sub-mesoscale eddies; sharp decreases in bottomwater temperatures (decrease of 2-3ЊC; e.g., Ͻ27ЊC) indicate tidal bore activity. Peak larval collection occurred during the passage of a sub-mesoscale eddy (SME 2) embedded within a mesoscale eddy (ME 2; boundaries indicated by dashed line); a secondary larval peak occurred with SME 3. Satellite imagery indicates mesoscale eddy 1 (ME 1) passed the site during mid-June, when the second highest larval peak occurred. No larval pulses were associated with the movement of a mesoscale eddy through the area in September (ME 3; start marked by dashed line). Period encompassing ME 2 is enlarged and included with low-pass filtered cross-shelf currents at 4 m (u 4 ) and smoothed near-bottom (21 m) temperature data. semidiurnal component in both the cross-shelf and alongshore directions as a result of the local M2 barotropic tide, causing near-uniform tidal current variations in the upper and lower layers. Diurnal tidal changes were primarily in the alongshore direction because of the diurnal standing wave joining the Atlantic and the Gulf of Mexico (Zetler and Hansen 1970; Lee and Williams 1999 ).
In July, there were two periods when sudden near-bottom temperature drops (2-3ЊC) occurred simultaneously with near-bottom surges of onshore flow at semidiurnal tidal periods, indicating tidal bore activity: 15-19 July and 23-26 July. The first case was associated with the leading edge of ME 2, when the FC front was in an onshore position, the water column was strongly stratified, and intense downstream baroclinic flow was occurring (Figs. 7, 8 ). The second case was also associated with an onshore meander of the FC front that occurred between the two sub-mesoscale eddies embedded within ME 2 (SME 2 and SME 3), when the downstream baroclinic flow and stratification once again increased (Figs. 7, 9 ). At times these cold intrusions reached the 10-m isobath near the reef crest. Tidal bore activity was not significant during the large larval peak of 20 July that occurred toward the upstream end of SME 2, as the subtidal flow shifted back toward the northeast and temperature stratification decreased. However, tidal bore activity was still significant during the smaller larval peak of 25 July, which occurred during the countercurrent flow of SME 3 (Figs. 7,  9 ).
SST and ocean color (Chl a) images help explain the origin, arrival, and dimensions of the three mesoscale eddies observed during the study period. Three-day and weekly composite images were examined for several months leading up to and including the study period. A subset of the available imagery (Fig. 10) demonstrates that a progression of mesoscale eddies was moving along the LC front and into the Straits of Florida throughout the spring and summer of 2001. During 21-23 March (Fig. 10a) , ME 2 (ultimately associated with the 20 July sub-mesoscale event in the upper Keys) is clearly identified about halfway along the east side of the LC, trailing a similar mesoscale feature (ME 1) located west of the Tortugas at the entrance to the Straits of Florida. Both cyclonic eddies were positioned within offshore meanders of the LC front and entrained warm streamers from their leading onshore meander wave crests that wrapped into the cold eddy centers. Both eddies had similar dimensions with diameters of approximately 160 km (ME Fig. 8 . Expansion of raw (10-min) current and temperature data from mooring C and crossshelf temperature loggers for the period (14-21 July) before, during, and after the passage of ME 2. (a) Mean number of non-Atherinidae-Clupeidae-Engraulidae (ACE) larvae collected in the light traps; (b) raw (10-min) bottom-water temperature from the four temperature loggers; (c) water temperature from the 4-m and 21-m temperature loggers on mooring C (24-m depth); (d) alongshore currents measured at the 4-m and 21-m current meters at the mooring; (e) cross-shelf current measured at 4 m; and (f) cross-shelf current measured at 21 m (note that scales differ between two plots of u). Thin vertical event lines identify the sudden onset of cooler bottom-water intrusions, correlated with pulses of onshore flow at the near-bottom instrument, indicative of upslope internal tidal bore behavior. See Fig. 1 and Table 1 for current meter mooring and temperature logger locations. Along bottom of plots dates are marked at 0 h UTC. 1) and 110 km (ME 2). During 26-28 April (Fig. 10b) , ME 1 was located offshore of the Dry Tortugas and ME 2 was approaching from the northwest. Neither had undergone significant change in size. During 19-21 May (Fig. 10c) , ME 1 was located offshore of the lower Keys and had elongated and decreased in size, with new dimensions of 90 km alongshore and 60 km cross shore. ME 2 was positioned southwest of the Dry Tortugas without much change in size, but with a shift in the major axis to more of a north-south orientation. By summer, the SST gradients were typically weak, but an offshore meander of the FC front is discernable in the upper to middle Florida Keys, and a large offshore meander is observable off the Dry Tortugas at the same time. By 12-14 June (Fig. 10d) , encompassing the day of the second largest larval settlement event (200 larvae per trap: Figs. 3, 6), ME 1 was weakly identified as an elongated band of cooler temperatures and elevated Chl a that stretched along the upper Keys, ME 2 was located off the Dry Tortugas and had become elongated to approximately 150 km alongshore and 90 km offshore, and a third mesoscale eddy (ME 3) was evident on the east side of the LC. The SST images after this time were not informative because of weaker thermal gradients, so we turned to a sequence of weekly ocean color composites with stronger pigment gradients (although still reduced in summer). In two images from the week before and after 20 July, the LC is evident as water that is low in Chl a and the eddies as areas with mid-range values of Chl a. The 12-19 July image (Fig. 10e) clearly shows a large eddy in the Tortugas area, which corresponds to ME 3 in Fig. 10a-d . ME 2 was elongated and in the vicinity of the upper Keys, similar to the findings from the SST imagery and the moored current records. The presence of ME 2 caused a seaward displacement of the FC front to 20-30 km off the upper Keys shelf. No clear color images were available for the week of 20 July, but by 1-2 weeks later (Fig.  10f) , ME 2 had passed through the Keys area, ME 3 was Fig. 9 . Expansion of raw (10-min) current and temperature data from mooring C and crossshelf temperature loggers for 22-29 July, after the passage of ME 2. (a) Mean number of nonAtherinidae-Clupeidae-Engraulidae (ACE) larvae collected in the light traps; (b) raw (10-min) bottom-water temperature from the four temperature loggers; (c) water temperature from the 4-m and 21-m temperature loggers on mooring C (24-m depth); (d) alongshore currents measured at the 4-m and 21-m current meters at the mooring; (e) cross-shelf current measured at 4 m; and (f) crossshelf current measured at 21 m (note that scales differ between two plots of u). Thin vertical event lines identify the sudden onset of cooler bottom-water intrusions, correlated with pulses of onshore flow at the near-bottom instrument, indicative of upslope internal tidal bore behavior. See Fig. 1 and Table 1 for current meter mooring and temperature logger locations. Along bottom of plots dates are marked at 0 h UTC. located southwest of Key West, and the FC was in a southward (offshore) position, particularly in the vicinity of the lower Keys, but also considerably detached from the upper Keys (about 40-60 km). Later images confirm the passage of ME 3 past the study site in September.
Current meter data indicate that it took approximately 10 d (from 18 to 28 July) for the elongated offshore meander (remnant of ME 2) to pass the study site, as determined from the time separating the two strong downstream velocity peaks that occurred when the FC front was in an onshore position at the site (Fig. 7) . From the SST imagery, downstream advection rates for ME 2 were roughly 8 km d
Ϫ1 from the LC to the Tortugas region, slowing to 3 km d Ϫ1 past the Dry Tortugas, and then accelerating to 8 km d
Ϫ1 for the passage from the Dry Tortugas to the upper Keys. ME 1 moved slightly faster, at ϳ4 km d Ϫ1 , from 23 March to 28
April around the Dry Tortugas, increasing to ϳ9 km d
Ϫ1
from 28 April to 21 May toward the upper Keys. ME 3 was moving at the same rate as ME 2, or at about 8 km d Ϫ1 from the LC to the Tortugas. Within the ME 2 offshore meander, there were three separate current reversals with durations of 4, 2, and 3 d that appear to be sub-mesoscale eddies with spatial dimensions of tens of kilometers (ϳ32, 16, and 24 km, respectively; using 8 km d Ϫ1 downstream speed).
Discussion
The Mesoscale eddy 1 (ME 1; for clarity, all mesoscale eddies are abbreviated in images with number only) passed the upper Keys study site in mid-June 2001; ME 2 passed in mid-July and ME 3 in September. Note that the SST color scales are different to clarify details in temperature gradients and that the ocean color scale is logarithmic. Also evident in (e) is a filament of enhanced Chl a water of possible Mississippi River origin entrained into the Loop Current (black arrow).
pinged on the reef tract. The pulse not only consisted of high numbers of individual taxa but also included larvae from at least 29 fish families. This observation is the first definitive demonstration of settlement in conjunction with such large recirculating features.
Satellite imagery and current meter records demonstrate the movement and passage of a mesoscale Tortugas eddy (ME 2) through the upper Keys study site, with several embedded sub-mesoscale frontal eddies, one of which (SME 2) occurred simultaneously with the 20 July larval pulse. Sat-ellite imagery further indicates that a similar mesoscale Tortugas eddy (ME 1) moved through the upper Keys during mid-June, corresponding to the second largest larval pulse. Our findings indicate that this passage of mesoscale eddies was the most likely physical mechanism delivering the observed large larval pulses to the upper Florida Keys. Winds were weak during the study period, and wind-driven transport played a minor role in the alongshore current variability. Although tidal bores occurred in association with the passage of mesoscale eddies, several lines of evidence support eddies as the primary larval delivery mechanism for the events observed during our study: in particular, the specific timing of the largest larval pulse was coupled most tightly with the passage of a sub-mesoscale eddy (SME 2) and, more specifically, with the convergence zone formed by the merging of upstream flows in the shoreward side of the eddy, with downstream flows in the trailing onshore meander wave crest. Internal tidal bores occurred with the leading onshore meander crest just prior to ME 2 and the imbedded SME 2; they did not occur during the largest 20 July larval peak. Furthermore, during the period of enhanced tidal bore activity, 2 d and 5 d prior to the large 20 July larval pulse, very few larvae were collected in the traps. It is noteworthy that all eddy-induced current reversals that were sampled during the summer had relatively large larval pulses. Finally, latestage reef fish larvae occur predominantly in the upper layer of the ocean, and our traps were set in the upper 2 m with this in mind. For example, preliminary data from vertically stratified (to 100 m) ichthyoplankton collections offshore of the study site demonstrate that at the stations closest to shore, 13 of the 14 most abundant reef fish families from the 20 July pulse occur almost exclusively above 40 m (Richardson and Cowen, RSMAS, unpubl. data; no larvae of the 14th family were collected nearshore). Internal tidal bores can transport deep water up onto the reef, and it is certainly possible that deep-water taxa utilize this cross-shelf process. However, with regard to the very large, multi-taxa pulses that occurred during eddy passage, late-stage larvae of a diversity of reef fishes would have to be concentrated in deep layers for this to be a viable larval transport mechanism.
Internal tidal bore activity appears to increase as onshore meanders of the FC front that lead and trail the passage of frontal eddies cause the strong downstream baroclinic flow with increased stratification to converge on the steep bottom slope seaward of the outer reefs. Bottom boundary layer adjustment to this increased downstream flow can cause an onshore flow in the bottom layer and strengthen stratification, thus allowing propagation of internal tides into shallower waters of the uplifted pycnocline. The only times during our sampling period during which bottom-water temperatures dropped sharply (e.g., below 27ЊC) occurred around the times of mesoscale eddy passage. In fact, our estimation of the timing of the passage of ME 1, based on satellite imagery, agrees well with the occurrence of largeamplitude tidal bore activity recorded during the same period at a location ϳ10 km south of our study site (see fig. 2 in Leichter et al. 2003) .
Although it is more likely that near-surface cross-shelf transport processes associated with eddy passage are directly related to larval delivery, our biological sampling effort was not at a sufficient temporal or spatial resolution to truly examine the role of high-frequency internal tidal bores in delivery of reef fish larvae to the reef. The greater sampling rate of the physical data shows that internal tidal bores generally occurred prior to or just after large eddy-induced current reversals. However, on one occasion (25 July), bores continued during a current reversal when larval abundance was high. Thus, it remains possible that the delivery mechanism could involve both frontal eddies and tidal bores. For example, frontal eddies may concentrate and transport larvae to the shelf edge, where their onshore movement is enhanced by eddy-induced cross-shelf currents in the water column and internal tidal bores near bottom. The physical interaction between eddy passage and tidal bores clearly warrants further study.
During times when pulses of larvae settled and no mesoscale eddies or internal tidal bores were present, additional physical mechanisms may be operating. On several occasions (e.g., 11-13 July and 19 August), smaller larval pulses occurred when the FC front was close to the shelf break, causing strong downstream flow with a persistent onshore component in the upper layer. The front provides a convergent mechanism to concentrate larvae (e.g., Stoner et al 1997; Yeung and Lee 2002) and the shoreward movement can transport larvae to the offshore edge of the reef tract. Alternatively, some larvae may be retained on the shelf for the duration of their larval period (Lindeman et al. 2001; Sponaugle et al. 2003) and not require transport by physical processes to reach a suitable settlement habitat. The settlement of such species may be less episodic and more constant or lunar cyclic (i.e., organisms may be more able to respond to periodic settlement cues).
Further support of our hypothesis that eddies are important mechanisms of larval transport and delivery would include measures of high concentrations of late-stage larvae within the mesoscale eddy. Unfortunately, no ichthyoplankton samples were collected during this time period. A few ichthyo-and zooplankton studies have shown higher concentrations of some larval fishes and invertebrates within mesoscale eddies of the FC (Lee et al. 1992; Criales and Lee 1995; Yeung and Lee 2002) and other western boundary currents (Okazaki et al. 2002) . There is little evidence of late-stage reef fish larvae within such eddies because of the difficulties in sampling these larvae. Late-stage reef fish larvae have strong swimming and sensory abilities that enable them to evade traditional ichthyoplankton nets (Leis and McCormick 2002) .
While the larvae of many fish families were influenced by the passage of mesoscale eddies, not all families were similarly affected. The composition of major fish taxa delivered to the upper Keys during the June and July eddy events differed. The majority of all fish families exhibited a large pulse on 20 July, and for many of these taxa, this was the primary settlement pulse over the 41 sampling days. The second highest larval pulse occurred on 13 June and comprised larvae from 20 different families. Four families (Haemulidae, Gobiidae, Microdesmidae, and Blenniodei) clustered into Group B based on their single large pulse on 13 June. A single family, Holocentridae, pulsed during times when neither mesoscale eddy occurred.
Clearly the timing of taxon-specific spawning relative to the proximity of an eddy will contribute to larval compositions, and there are insufficient data on spawning patterns to examine this in greater detail at this time. Also, the match between the timing of eddy passage and the age and developmental stage of larvae may need to be more precise in some species than in others. For two of the families that appeared during both events, larvae from 13 June were an average of 2-4 d older than larvae collected on 20 July. Many factors could contribute to differences in PLD. For example, differences in water temperatures in the Florida Keys can influence the growth rate and larval duration of a coral reef fish (Sponaugle and Pinkard unpubl. data) , and warm-core eddies in other systems have been shown to reduce larval reef fish growth and increase larval durations (Sponaugle and Pinkard 2004) . The reverse may be true with the FC cold-core cyclonic eddies, where upwelling in the core may enhance productivity and, potentially, the growth of larvae. The degree to which larvae near settlement age can settle upon approaching suitable settlement habitat (i.e., the specific timing and length of the competency period) is unknown. Additional detailed examination of larvae from multiple eddies is needed to examine the relationship between larval composition, age and growth, and the passage of eddies.
Fishes exhibit a diversity of spawning strategies ranging from pair spawning within small reef territories to long-distance migration to mass spawning sites. During particular times of the year, lutjanid and serranid species (snappers and groupers) undertake spawning migrations to upstream promontories in the lower Keys and Dry Tortugas (Lindeman et al. 2000) . Interestingly, temporal patterns of abundance of young (i.e., non-settlement stage) larvae of these two families in waters directly over the upper Keys reefs were similar (Sponaugle et al. 2003) , as were their settlement patterns in this study. Larvae of these two families were likely transported by the same physical mechanisms as transported other larvae on 20 July, although these two species also pulsed on 9 August (near the third-quarter moon, during a time when no eddies were present; Fig. 5 ). Delivery of larvae to settlement habitat will only be successful if the larvae are of a sufficient age and developmental stage (i.e., competent) to settle and undergo metamorphosis.
The age range of all the larvae collected on 20 July was broad, with the mean larval age of different families ranging from 15-46 d. These taxa were clearly spawned at different times, which complicates our ability to back-calculate potential sources. Larval ages together with satellite imagery and the general structure of the frontal eddies indicate that larvae could have been entrained into the eddy at any point along the reef tract from the Tortugas to the middle Keys. Larvae could have entered the eddy progressively during its passage from the lower Keys to the upper Keys, or they could have been entrained at a single source as part of a water mass containing larvae of a variety of young ages. The youngest larvae were about 2 weeks old, which, coupled with the rate of eddy movement, indicates that at least these larvae could not have entered the eddy in the Dry Tortugas.
The farthest away these larvae could have been spawned is in the vicinity of Key West (distance ϭ 150 km). The oldest larvae were over 2 months old, which means that numerous sources are possible. These larvae may have been entrained into the Tortugas eddy shortly after they were spawned (ME 2 was in contact with shallow reef communities for up to 60 d before reaching the study site), or older larvae could have been entrained during the movement of the eddy along the Keys. High abundances of a diversity of fish larvae occur in nearshore surface waters directly over upper Keys reefs (Sponaugle et al. 2003) . It is most likely that larvae were entrained from shelf waters, because the highest concentration of larvae generally occurs nearshore over reef spawning sites (for review of onshore-offshore gradients of fish larvae, see Leis 1991) . While it is possible that larvae were entrained from LC water and thus were sourced from upstream locations (see Hare and Cowen [1991] for example of transport of Xyrichtys to the Middle Atlantic Bight), larvae entrained from distant sources would occur in more diffuse concentrations , particularly since the nearest upstream reef source in the LC pathway is the Yucatan (ϳ1,500 km away via the LC). The entrainment of Mississippi River water along the eastern boundary of the LC (Fig. 10e) is not a likely source of larvae, since there are few reefs in this area of the Gulf of Mexico. Depending on the size and position of the FC mesoscale eddies, the northern coast of Cuba is another possible source region, but satellite imagery during ME 2 indicates that the eddy did extend sufficiently close to that shore.
Successful transport by eddies of reef fish larvae to their settlement habitat requires (1) successful spawning by adults (i.e., availability of larvae on the outer shelf); (2) a mechanism for larvae to enter the recirculating feature; (3) a transport time that corresponds to time to competency (i.e., PLD, or shorter if larvae are entrained at older ages); (4) feature characteristics that concentrate larvae in a favorable environment (e.g., convergent fronts within eddies); and (5) impingement of the eddy on suitable settlement habitat. By definition, FC mesoscale eddies satisfy the second and fifth criteria by moving along the outer shelf and interacting with shelf water masses over reef habitats. The cyclonic circulation within an eddy, eddy interaction with the encompassing boundary of the FC front, and development of sub-mesoscale vortices along the frontal boundary provide the conditions necessary to potentially satisfy the third and fourth criteria. Coincidence of all five criteria can result in the successful retention and delivery of diverse reef fish larvae to Keys reefs by large recirculating frontal eddies. In theory, the fifth criterion could be bypassed by actively orienting and swimming larvae that may be able to traverse large distances to reach suitable settlement habitat (reviewed in Leis and McCormick 2002) . However, the simultaneous arrival of such a diverse group of fishes with varying swimming abilities (Stobutski and Bellwood 1997) indicates that larval delivery was more influenced by physical transport induced by the eddy.
Interestingly, the fall passage of a series of sub-mesoscale eddies associated with the ME 3 did not result in similar pulses of larvae to the reef. Because of the lack of wellresolved satellite imagery during the fall, it is not possible to determine if the fall eddies were somehow physically different from those we observed during the spring and early summer. However, multiple years of satellite imagery and long-term moored current observations from the Keys indicate that there are no significant seasonal differences in frontal eddy evolution patterns. As with earlier mesoscale eddies, internal tidal bores were also present. Assuming that the physical structure and movement of the eddies were similar, the lack of settlement events may be more related to a biological cause, such as the timing or reduced magnitude of spawning events (i.e., reproductive seasonality; criterion 1), or to a mismatch between eddy passage and larval age (i.e., criterion 3).
The specific timing of eddy impingement on the shelf edge is clearly important relative to larval ages and their ability to settle, and related to this is the particular lunar phase during which impingement occurs. Settlement of many reef organisms to a variety of locations has been shown to be lunar cyclic, often peaking during new and third-quarter moons (e.g., Robertson 1992; Sponaugle and Cowen 1996a; Reyns and Sponaugle 1999) . It is worth noting that the 20 July eddy passed over the upper Keys reefs during a new moon, and the 13 June eddy occurred during a third-quarter moon. However, ME 3 passed the upper Keys in September during a new moon and did not deliver larvae, so other factors must be playing a role. More work is needed to determine the degree to which the specific lunar timing of eddy passage influences the size of the settlement event.
In conclusion, the combined biological and physical records of this study demonstrate for the first time that large pulses of multi-taxa settlement-stage reef fish larvae can be delivered to reef settlement habitats during the passage of cyclonic mesoscale and sub-mesoscale frontal eddies moving downstream along the reef tract between the outer reefs and the FC front. Increased internal tidal bore activity was found to be associated with the passage of onshore meanders of the FC front, both leading and trailing frontal eddies, and this interaction warrants further examination. The data provide some sense of the boundaries of these events but do not yet allow for the determination of larval sources. Successful transport and settlement of reef fish larvae will depend on the coincidence of a number of biological and physical criteria.
